Abstract -The use of pesticides on crops contributes to the decline of bee populations, and in this sense, bioactive nutrients have been studied to counteract this effect. We suppose that caffeine might be one of these nutrients. We exposed honey bees (Apis mellifera L.) to 0.7 or 2.0 ng/mL imidacloprid, 5.0 μg/mL caffeine in syrup, or 5.0 μg/mL caffeine in syrup plus 0.7 or 2.0 ng/mL imidacloprid. After 72 h, the oxidative status and the food intake were verified. Imidacloprid increased glutathione peroxidase and catalase activities. Caffeine alone or with 2.0 ng/mL imidacloprid also stimulated the activity of glutathione peroxidase but did not alter the effect of the insecticide on the catalase activity. A significant reduction in the concentration of the thiol group of proteins was observed in the two imidacloprid-fed groups, and the addition of caffeine protected these groups. Imidacloprid increased the malondialdehyde concentration while the addition of caffeine partially decreased this effect. Food intake was higher for bees treated with 2.0 ng/mL imidacloprid. Our results show that imidacloprid increased the food intake resulting in oxidative damage, which was partially reversed by caffeine. From these findings, it is inferred that caffeine treatments can be used to mitigate the sublethal effects of this insecticide on honey bees.
INTRODUCTION
Bees are one of the pillars of sustainability since they significantly increase food production (McGregor 1976) . The economic value of pollination performed by bees on agricultural crops worldwide is around 153 billion euros (Gallai et al. 2009 ). Thus, agricultural practices friendly to bees contribute to the optimization of bee pollination services of commercial crops and give better chance of success to beekeepers to produce honey (Morandin and Winston 2006; Aizen and Harder 2009; Van der Sluijs et al. 2013) . However, deforestation, planting of largescale monocultures, and the use of pesticides are practices inherent to industrial agriculture that make it difficult to obtain great production of bee products and even involve recurrent bee colony losses (Paoletti 1999; Kremen et al. 2007; Johnson et al. 2010; Nicholls and Altieri 2013) .
From all the possible reasons that can be related to bee decline, it is undeniable that pesticides are a major threat to bees. The impact of the use of agrochemicals on bees has been the subject of several scientific studies (Pham-Delègue et al. 2002; Krupke et al. 2012; Poquet et al. 2016; Kiljanek et al. 2016) , since the effects of these products on non-target insects can be manifested through lethality but also through sublethal effects, which are of a more detailed diagnosis (Thompson 2001; Van Der Steen 2001; Thompson 2002; Brittain and Potts 2011) . The intoxication of the bees can happen when they have direct contact or ingest contaminated food or even when contaminated wax is introduced into their hives (Rortais et al. 2005; Gill et al. 2012 ), resulting in individual and colony-level impacts (Desneux et al. 2007) .
Imidacloprid is a neonicotinoid insecticide used in commercial formulations for pest control in numerous crops worldwide, which also presents high toxicity to bees (Decourtye et al. 2003 (Decourtye et al. , 2004 Faucon et al. 2005; Blacquière et al. 2012) . The LD 50 values of imidacloprid are 3.7 and 40.9 ng/bees, orally and by contact, respectively (Schumuck et al. 2001 ). This insecticide is a neurotoxin specifically acting as antagonist of the nicotinic acetylcholine receptors, causing paralysis and death (Matsuda et al. 2001) . Despite this lethal effect, other sublethal effects may manifest in bees exposed to imidacloprid, several of them already described in scientific papers (Blacquière et al. 2012 ). In addition, considering the effect on the energy metabolism, Nicodemo et al. (2014) demonstrated that imidacloprid affects energy production by bees' mitochondria and Nicodemo et al. (2018) showed that imidacloprid reduces lipophorin levels in honey bee hemolymph, but the effects of this insecticide on the cellular antioxidant system of these insects have not yet been described.
Aerobic metabolism continuously generates reactive oxygen species (ROS), which can cause oxidative damage to cellular components as proteins, nucleic acids, and membrane lipids. To avoid the undesired ROS effects, organisms have evolved a complex network of enzymatic and non-enzymatic antioxidant system (Farjan et al. 2012) . The most important antioxidant enzymes identified in honey bees are superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase (GST), and peroxidase while the non-enzymatic components are glutathione, NAD(P)H, vitamins C and E, albumin, uric acid, urea, creatinine (Weirich et al. 2002; Strachecka et al. 2014; Strachecka et al. 2015) .
Caffeine (1,3,7-trimethylxanthine) is a lipidsoluble alkaloid, a component of the class of compounds known as methylxanthines (D'amicis and Viani 1993), which acts on the central nervous system (Albina et al. 2002) . Caffeine is also known for its antioxidant properties (Lee 2000) . Strachecka et al. (2014) studied the effect of caffeine on the longevity and antioxidant system of worker bees exposed to the pathogen Nosema spp. and demonstrated that the substance could be considered as a natural dietary supplement to increase the resistance of swarms to factors of stress. In this sense, the inclusion of caffeine in the feeding of Apis mellífera bees may be an alternative to the reduction of intoxication of hives by pesticides, and it is important to develop research in this area to find alternatives for the beekeeper. Here, we aimed to investigate the effects of imidacloprid on the cellular antioxidant system of honey bees and the potential antioxidant action of caffeine, determining the activities of some antioxidant enzymes (GPx and CAT), concentrations of non-enzymatic antioxidants (GSH and NAD(P)H), as well as protein thiol groups and membrane lipid oxidation in bee thorax.
MATERIAL AND METHODS

Chemicals
All chemicals were of the highest available grade. Imidacloprid and caffeine were purchased from Sigma-Aldrich. All of the stock solutions were prepared by dissolving appropriate amounts of reagents with ultrapure water (Direct Q3, Millipore, Bedford, MA, USA) and stored at 4°C until use.
Treatments
Africanized honey bees from Langstroth hives from the experimental apiary of São Paulo State University (Unesp), College of Agricultural and Technological Sciences, Dracena were used. Frames with sealed brood were introduced in an incubator maintained at 33°C and 70% humidity. Samples with 20 newly emerged worker bees (0-24 h old) were collected and introduced in plastic cages with dimensions of 14 cm in length × 14 cm in width × 22 cm in height, with side ventilation slots, where they were fed with different diets, and this procedure was repeated three times for each treatment.
The stock solutions of imidacloprid and caffeine were diluted in syrup consisting of equal proportions of water and sugar to be provided for honey bees. The established treatments were: control (only syrup), syrup with addition of 0.7 ng/mL imidacloprid, syrup with addition of 2.0 ng/mL imidacloprid, syrup with 5.0 μg/mL caffeine, syrup with added caffeine plus 0.7 ng/ mL imidacloprid, and syrup with added caffeine plus 2.0 ng/mL of imidacloprid.
In each cage, 3 mL of the diet was provided soaked in 0.60 g of cotton in a plastic feeder. Experimental diets were provided during a period of 24 h. Then, only syrup without additions was provided. The analyses were performed 72 h after the experimental diets were offered.
The doses of imidacloprid used in this study were selected by means of a pilot study in which the bees were submitted to different doses of the insecticide (0.7, 2.0, and 3.3 ng/mL). The bees did not survive at the highest dose tested (3.3 ng/mL), whereas we observed no mortality with doses of 0.7 and 2.0 ng/mL. The dose of caffeine was selected from a previous study by Strachecka et al. (2014) .
Homogenate preparation
Twenty bees were collected per treatment to obtain a pool of thoracic muscle. The thorax was dissected, and the homogenate was prepared according to Hoskins et al. (1956) , with modifications. After separation of the head and abdomen, the thoraces of 20 bees were added to a porcelain mortor containing 20 mL of ice-cold medium composed of 250 mM sucrose, 0.2 mM EGTA, 0.1 mM EDTA, 5 mM HEPES-KOH (pH 7.4), and 0.1% BSA (bovine serum albumin), and subsequently macerated with porcelain pestle and filtered in gauze folded 8 times.
The protein concentration of the homogenate was determined using the biuret reaction with BSA as a standard (Cain and Skilleter 1987) and expressed as mg protein/mL homogenate.
Glutathione peroxidase activity
The activity of glutathione peroxidase (GPx) was determined by an indirect method based on the oxidation of reduced glutathione (GSH) to oxidized glutathione (GSSG), with the consequent oxidation of NADPH catalyzed by glutathione peroxidase (Flohé 1984) . The reaction system was composed of 1.5 mL containing: 1.0 mM GSH, 0.2 mM NADPH, 0.25 mM H 2 O 2 , 0.5 mM EDTA, and 0.10 M sodium phosphate buffer (pH 7.6), 0.1% Triton X-100 and an aliquot of thorax homogenate corresponding to 1.5 mg protein. After incubating the samples at 30°C for 5 min, 10 μL of 20 mM NADPH was added, and the variation in absorbance was determined at a wavelength of 340 nm in a DU-800 spectrophotometer (Beckman-Coulter, Fullerton, CA, USA). The oxidation of 1 μmol NADPH/min was used as one unit of GPx activity. The specific activity was expressed as unit per mg of protein. We performed two assays (cuvettes) for each one of the three replicates per treatment group containing 20 bees each.
Catalase activity
The evaluation of catalase enzyme activity was performed with an aliquot of thorax homogenate corresponding to 1.75 mg protein in 1.75 mL of potassium phosphate buffer (50 mM, pH 7). The reaction was started by adding 200 μL of 10 mM H 2 O 2 . The variation in absorbance was determined at a wavelength of 230 nm in a DU-800 spectrophotometer (Beckman-Coulter, Fullerton, CA, USA). Catalase activity was defined as the amount of enzyme required to decompose 1 nmol of H 2 O 2 per minute at 25°C. The specific activity was expressed as unit per mg of protein (Aebi 1974) . We performed two assays (cuvettes) for each one of the three replicates per treatment group containing 20 bees each.
Glutathione assay
The levels of GSH were determined by a fluorometric reaction with o -phthalaldialdehyde (OPT) (Hissin and Hilf 1976 ). An aliquot of thorax homogenate corresponding to 1 mg protein was added to the medium (125 mM sucrose, 65 mM KCl, and 10 mM HEPES-KOH, pH 7.4) to a final volume of 1 mL and treated with 0.5 mL of 13% trichloroacetic acid. The mixture was stirred and then centrifuged at 9000×g for 3 min. Aliquots (100 μL) of the supernatant were mixed with 2 mL of 100 mM NaH 2 PO 4 buffer at pH 8.0 containing 5 mM EGTA. One hundred microliters of an OPT solution (1 mg/mL) was added, and the fluorescence was measured 15 min later in an RFPC 5301 spectrofluorometer (Shimadzu, Tokyo, Japan) using 350/420 nm as the excitation/emission wavelength pair.
For the GSSG assay, 250 μL of the initial supernatant was treated with 250 μL of 0.04 M N-ethylmaleimide and subjected to the same mixing procedure as OPT. The concentrations of GSH and GSSG are expressed in nmol/mg protein estimated using respective GSH and GSSG standard curves. We performed two repetitions (tubes) for each one of the three replicates per treatment group containing 20 bees each.
Determination of NAD(P)H level
An aliquot of thorax homogenate corresponding to 2 mg protein was added to the medium (125 mM sucrose, 65 mM KCl, and 10 mM HEPES-KOH, pH 7.4) to a final volume of 2.0 mL and centrifuged at 8000×g for 3 min. The supernatant was collected, and the fluorescence was measured in a spectrofluorometer (Shimadzu-RFPC 5301, Tokyo, Japan) using 366/450 nm as the excitation/emission wavelength pair. The data are expressed in relative fluorescence units (RFU), which are positively related with the concentration of the reduced form of pyridine nucleotides (Blacker et al. 2014 ). We performed two repetitions (cuvettes) for each one of the three replicates per treatment group containing 20 bees each.
Oxidation of protein thiol groups
The concentration of thiol (-SH) groups of proteins was determined using the Ellman reagent according to Sedlak and Lindsay (1968) with some modifications. An aliquot of thorax homogenate corresponding to 5 mg protein was treated with 1 mL of 5% trichloroacetic acid (TCA) containing 5 mM EDTA and subjected to centrifugation at 2500×g for 5 min. The protein precipitate was washed twice with the same TCA-EDTA solution. The proteins were redissolved in 3 mL of 0.1 M Tris-HCl buffer, pH 7.4, containing 5 mM EDTA and 0.5% sodium dodecyl sulfate. Aliquots of this solution were treated with 0.1 mM 5,5′-dithiobis(2-nitrobenzoic)acid (DTNB) dissolved in 2 mL of Tris-EDTA buffer, pH 8.6. The samples were incubated in the dark, and the absorbance was measured at 412 nm in a DU-800 spectrophotometer (Beckman-Coulter, Fullerton, CA, USA), and the values subtracted from a Bblank^obtained by treating the samples with 5 mM Nethylmaleimide before the reaction with DTNB. The concentration of thiol groups was determined using ε = 13,600 M −1 cm −1
. We performed two repetitions (tubes) for each one of the three replicates per treatment group containing 20 bees each.
Membrane lipid peroxidation assay
The level of lipid peroxidation (LPO) was estimated by malondialdehyde (MDA) generation (Buege and Aust 1978) . An aliquot of thorax homogenate corresponding to 5 mg protein was added to a glass test tube. Following the addition of 0.2 mL of 8.1% SDS, 1.5 mL of 20% acetic acid and 1.5 mL of 0.67% thiobarbituric acid (TBA, aqueous solution), glass-distilled deionized water was added to a final volume of 4 mL. The mixture was incubated for 60 min at 85°C. The MDA-TBA complex was extracted with 5 mL of n-butanol, and the absorbance was measured at 535 nm with an NI 2000 UV spectrophotometer (NOVA Instruments, Piracicaba, SP, Brazil). The MDA concentration was determined directly from the molar extinction coefficient of the MDA-TBA complex of 1.56 × 10 5 M −1 cm −1 and represented as nmol MDA/mg protein. We performed two repetitions (tubes) for each one of the three replicates per treatment group containing 20 bees each.
Evaluation of the median survival of bees
The median survival of honey bees treated with the experimental diets on day 0 was verified for 72 h. The 360 workers were confined in 18 plastic cages with dimensions of 14 cm in length × 14 cm in width × 22 cm in height, with side ventilation slots, three cages per treatment. The cages were maintained at a controlled temperature (33°C) and relative humidity (70%) in an incubator. The dead bees were counted and removed from the cages daily. After the 24-h period with experimental diets available to bees, control diet was offered ad libitum for all insects.
Consumption of syrups
Before feeding the bees, each cotton swab already soaked in the respective diet (3 mL) was weighed and then placed in the feeder inside the cage. After 24 h of diet ingestion, the cotton soaked with syrup was weighed again to evaluate the food intake by the workers. The mean weight loss due to evaporation (~18%) was discounted and the values obtained were divided by the number of bees present in the cage, considering the mortality rate during the test.
Statistical analysis
A completely randomized design with six treatments was used. Each treatment was composed of three replicates of plastic cages with 20 bees each (a total of 360 bees were tested). The statistical significance of the experimental data of the effects on the antioxidant system was determined by the analysis of variance (ANOVA) and the means compared by the Newman-Keuls test. The median survival of the bees was analyzed by the Kaplan-Meier non-parametric method. The diet intake was submitted to ANOVA, and the means were compared by the Tukey test. The analyses were performed using GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego, CA, USA). Values of p < 0.05 were considered significant.
Data availabilityThe datasets during and/or analyzed during the current study are available from the corresponding author on reasonable request.
RESULTS
Glutathione peroxidase activity
We observed dose-dependent increase in the GPx activity in the thorax homogenate of the bees in the groups treated with 0.7 ng/mL imidacloprid (Newman-Keuls test, q = 3.7, p < 0.05) and 2.0 ng/mL imidacloprid (Newman-Keuls test, q = 7.7, p < 0.01) compared to the control group. A similar effect was found in the caffeine-treated group (Newman-Keuls test, q = 6.4, p < 0.01). The addition of caffeine together with imidacloprid did not prevent the increase in enzyme activity (Table I) .
Catalase activity
We also observed dose-dependent increase in the CAT activity in the thorax homogenate of the bees in the groups treated with 0.7 ng/mL imidacloprid (Newman-Keuls test, q = 4.3, p < 0.05) and 2.0 ng/mL imidacloprid (Newman-Keuls test, q = 7.0, p < 0.01) compared to the control group. Caffeine also increased the CAT activity (Newman-Keuls test, q = 5.6, p < 0.05). No changes in the effect of imidacloprid were observed when caffeine was added to the diet (Table I) .
Oxidative state of glutathione
Treatments with 0.7 ng/mL imidacloprid, 2.0 ng/mL imidacloprid, or caffeine had no effect on GSH concentration compared to the control group. A significant increase of the tripeptide glutathione in the reduced form (GSH) was observed only in the treatment with 2.0 ng/mL imidacloprid plus caffeine (Newman-Keuls test, q = 5.3, p < 0.05). A similar effect was observed with respect to the GSSG concentration (Newman-Keuls test, q = 6.8, p < 0.01) (Table II) . Despite the above-mentioned results, when calculating the GSH/GSSG ratio, we observed no effect of any of the treatments on the oxidative state of glutathione (Newman-Keuls test, p > 0.05).
Oxidative state of pyridine nucleotides (NAD(P)H)
No significant changes were observed in NAD(P)H concentration in the bees' thorax homogenate in any of the treatments (Table II) (Newman-Keuls test, p > 0.05).
Oxidative state of protein thiol groups
The treatments with imidacloprid promoted a significant reduction in the concentration of thiol (-SH) groups of proteins in the thorax homogenate of the bees in relation to the control group (Newman-Keuls test, q = 7.3, p < 0.01 to 0.7 ng/mL and q = 7.6, p < 0.01 to 2.0 ng/mL), indicating the oxidation of these groups. The addition of caffeine in the treatments with imidacloprid protected the thiol groups against the oxidation promoted by the insecticide (Table II) .
Membrane lipid peroxidation
The peroxidation of membrane lipids was assessed by the measurement of malondialdehyde (MDA). All treatments had an effect on this parameter, increasing the concentration of MDA in relation to the control group. However, a dosedependent increase was observed in the groups treated with imidacloprid (Newman-Keuls test, q = 7.8, p < 0.01 to 0.7 ng/mL and q = 10.0, p < 0.001 to 2.0 ng/mL), and, when added to the treatments with the insecticide, caffeine decreases its effect (Table II) .
Average survival of bees
The treatment of the bees with the experimental diets did not interfere with the average survival of the bees during the 72 h of evaluation, even considering the control diet (data not shown).
Consumption of diets
Consumption was higher for bees treated with the diet containing 2.0 ng imidacloprid per bee compared to the control group (Tukey test, p < 0.05). There was no difference in consumption among the groups of bees that received the other diets (Table III) .
DISCUSSION
Oxidative stress is manifested by the misbalance between the production of reactive oxygen species (ROS) and the cellular antioxidant defense systems. This condition can lead to the damage of membranes, lipids, nucleic acids, and proteins (Hodgson and Smart 2001) . Aerobic organisms have evolved protective systems, which include enzymatic and non-enzymatic antioxidants that are usually effective in blocking harmful effects of ROS. Enzymatic system includes enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase (GST), glutathione peroxidase (GPx), and glutathione reductase (GR), which have also been reported to occur in bees (Weirich et al. 2002; Strachecka et al. 2014; Strachecka et al. 2017) . Increased levels of antioxidant enzymes would, therefore, be indicative of an organism's attempt to respond to an oxidative stress condition.
In the present study, imidacloprid increased the activity of the GPx and CAT in the thorax of bees at both doses used, indicating induction of oxidative stress. These effects are in accordance with those described by Kapoor et al. (2010) , who demonstrated an increase in the activity of GPx, CAT, and superoxide dismutase (SOD) enzymes in liver and brain of rats, and Kapoor et al. (2011) , who demonstrated an increased activity of the same enzymes in the ovary of rats submitted to treatment with the insecticide for 90 days. El-Gendy et al. (2010) also reported increased activity of GPx, CAT, SOD, and glutathione Stransferase (GST) antioxidant enzymes in male mice 24 h after treatment with a single dose of imidacloprid.
Caffeine also promoted an increase in the activity of GPx and CAT enzymes. These results are in agreement with those described by Strachecka et al. (2014) , who found that the use of caffeine in bee feeding increased the activity of the antioxidant enzymes GPx, CAT, SOD, and GST. The addition of caffeine together with imidacloprid promoted a change in the effects caused by the insecticide only on GPx activity, which was increased when caffeine was added at the 2.0 ng/ mL imidacloprid, probably due to an additive effect of both compounds.
GSH and NADPH are important components of the non-enzymatic antioxidant system, providing reductive equivalents for the action of the GPx and GR enzymes, respectively (Ribeiro et al. 2005) . The treatment of bees with imidacloprid showed no effect on GSH and GSSG concentrations in relation to the control group, unlike other studies, which reported a decrease in the concentration of GSH in different animal tissues after treatments with the insecticide (Kapoor et al. 2010; Kapoor et al. 2011; ElGendy et al. 2010 ). There are multiple potential reasons for the divergence of our results from those of the earlier studies, including differences in study population, doses, and exposure times used. Caffeine alone also did not promote changes in GSH and GSSG concentrations. However, there was a significant increase in GSH and GSSG concentrations at the 2.0-ng/mL imidacloprid dose with the inclusion of caffeine. However, when the GSH/GSSG ratio was calculated, there was no significant effect of any of the treatments used in the present study. There was also no significant change in NAD(P)H concentration in the homogenate of the thorax in any of the treatments compared to the control group. These results indicate that the doses of imidacloprid tested in this study did not affect the oxidative status of these non-enzymatic antioxidants in the thorax of honey bees.
The action of oxidizing substances on proteins can lead to the oxidation of the thiol group (-SH) of the amino acid cysteine, causing aggregation and fragmentation of amino acids, leading to protein denaturation (Aksenov and Markesbery 2001; Leichert and Jakob 2004) . These effects may cause the reduction or inactivation of enzyme activity and may cause damage to receptors, signal transduction pathways, and transport (Halliwell and Gutteridge 2007) . We detected a significant reduction in the concentration of the thiols (-SH) groups of proteins in the thorax homogenate of bees treated with imidacloprid, compared to the control, indicating that there was oxidation of these groups. This effect is in agreement with the results obtained by Sauer et al. (2014) , who evaluated the effect of neonicotinoids in rat liver. The addition of caffeine to the imidacloprid treatments protected the thiol groups against oxidation, indicating an antioxidant effect of the alkaloid.
ROS can react with the polyunsaturated fatty acids of lipid membranes and induce lipid peroxidation (LPO), which affects the physiological function of cell membranes. The end product of these reactions is malondialdehyde (MDA), a marker of LPO and consequently oxidative stress (Gaweł et al. 2004) . In the present study, imidacloprid significantly induced the LPO in the thorax homogenate of bees, as observed by the increased MDA. A similar result was reported by El-Gendy et al. (2010), Kapoor et al. (2010) , Kapoor et al. (2011), and Bal et al. (2012) , who all found an increase in MDA concentration in different animal tissues after treatment with imidacloprid. Caffeine alone also induced LPO, which is in agreement with studies by Dianzani et al. (1991) , which described the oxidation of liver lipids in rats treated with caffeine, and Gülçin (2008) , who reported a pro-oxidant caffeine activity on emulsion fatty acids in vitro. However, when added to diets containing imidacloprid, caffeine reduced the formation of MDA, which indicates an antioxidant activity. In fact, several studies have shown a reduction in MDA concentration in serum, liver, heart, brain, and kidney of animals treated with caffeine (Lee 2000; Devasagayam et al. 1996; George et al. 1999; Karas and Chakrabarti 2001; Al Moutaery et al. 2003) .
The imidacloprid LD 50 values for bees are 3.7 ng and 40.9 ng/bee, for oral and by contact, respectively (Schmuck et al. 2001) . The survival rate of the bees in the 72 h of the experimental period was not affected by any of the treatments. These data show that the doses of the insecticide provided in the diets did not cause significant mortality; however, a sublethal effect not previously described of this neonicotinoid in the honey bees, the induction of oxidative stress, was observed. Kessler et al. (2015) observed that Apis mellifera bees are attracted to neonicotinoids, increasing their exposure to these substances, which act as a drug in the bees' brains. This preference was similar to the results obtained in our study, since there was an increase in the Oxidative stress in honey bees average consumption of the diet containing 2.0 ng/mL imidacloprid. The preference for food contaminated with neonicotinoids, the great use of these products in agriculture, and the great impact on the health of the bees reinforce the importance of studies with the aim of discouraging the use of imidacloprid in the field and also to mitigate the harmful effects to the bees by using natural substances such as caffeine, capable of counteract, even if partially, the sublethal effects of this insecticide.
According to the data obtained in this study, it can be concluded that imidacloprid affected the parameters related to oxidative stress in the honey bee's thorax (Apis mellifera L.) and that caffeine acted as an antioxidant, partially avoiding the damages caused by the insecticide. Therefore, the inclusion of caffeine in the diet provided to bees may be an important strategy in preventing the toxic effects of imidacloprid, especially when the hives are installed near crops that are attractive to bees. Although we did not test the effects of imidacloprid at colony level, any reduction in the worker bees foraging results in reduced colony productivity, and therefore may represent a possible threat to honeybee colony health, which is a cause for concern for the bee population decline, adversely affecting beekeeping, the environment, and consequently human life.
